Introduction
The mammalian midbrain/hindbrain region (MHR) harbors several neuronal populations with pivotal functions in normal brain physiology and behavior (Zervas et al., 2005) . The development of this region relies on a tight control of gene regulatory networks active in the isthmic organizer (IsO), located at the midbrain/hindbrain boundary (MHB), and in the dorsal [roof plate (RP)] and ventral [floor plate (FP) ] midline of the neural tube, including post-transcriptional or post-translational regulatory mechanisms (Wittmann et al., 2009) .
MicroRNAs (miRNAs), a large class of small noncoding RNAs, have emerged as key posttranscriptional regulators of gene expression by targeting specific mRNAs for translational inhibition and degradation (Huntzinger and Izaurralde, 2011) . During canonical miRNA biogenesis, miRNAs are transcribed by RNA polymerase II from their own promoter, rendering a larger and in many cases polycistronic primary transcript that is cleaved in the nucleus by a microprocessor complex into an ϳ70-nt-long precursor hairpin (pre-miRNA) and subsequently exported into the cytoplasm, in which it is cleaved by Dicer1 (an RNase III enzyme) into the mature ϳ22 nt miRNA duplex (Krol et al., 2010) . One of the miRNA duplex strands is then assembled into the miRNAinduced silencing complex in which it acts as a guide strand for imperfect base pairing with its target mRNAs, encompassing up to several hundred mRNAs for each miRNA (Huntzinger and Izaurralde, 2011) . A ϳ7-nt-long "seed" sequence within the 5Ј terminus of the miRNA is most critical for target recognition in the 3Ј untranslated region (UTR), 5ЈUTR, or coding sequence (CDS) of the mRNA (Mallanna and Rizzino, 2010). miRNAs are implicated in the regulation of numerous developmental processes, including the maintenance of self-renewing and pluripotent/multipotent embryonic stem cells (ESCs) and/or progenitor cells, and the differentiation of these pluripotent/multipotent cells into fate-committed cells (Pauli et al., 2011) . According to their function and their targets in this context, miRNAs have been classified into either "ESC-specific cell-cycleregulating (ESCC)" miRNAs, targeting negative regulators of cell-cycle progression, such as the retinoblastoma proteins, or "tissue-specific" miRNAs targeting (among others) the pluripotency transcription factors (TFs) Sox2, Oct4, Nanog, and c-Myc and the RNA-binding protein Lin28 (Ivey and Srivastava, 2010; Mallanna and Rizzino, 2010; Martinez and Gregory, 2010) .
Based on the analysis of conditional mouse mutants for Dicer1 in the MHR, we uncovered a novel function of miR-200 in the CNS by showing that miR-200 suppresses the expression of Sox2, a TF expressed in neural stem/progenitor cells and crucial for the maintenance of their proliferative capacity and multipotency (Pevny and Nicolis, 2010) , and E2F3, a cyclic active TF required for the regulation of cell proliferation, differentiation, and survival (DeGregori, 2002) , in neural progenitors. We also show that Sox2 and E2F3 in turn activate the transcription of miR-200, thereby establishing a unilateral negative feedback loop between the miR-200 family and their targets Sox2 and E2F3 that regulates the cell-cycle exit and neuronal differentiation of neural stem/ progenitor cells in the murine MHR but most likely also in other regions of the mammalian brain.
Materials and Methods

Mutant mice. Dicer1
flox/flox female mice (Cobb et al., 2005) were crossed with male En1 ϩ/Cre mice (Kimmel et al., 2000) (Nakamura et al., 2006) . All mouse lines were kept in a mixed genetic background. C57BL/6 mice were purchased from Charles River. Timed pregnant females were used for collection of embryonic stages; noon of the day of vaginal plug detection was designated as embryonic day 0.5 (E0.5). Animal treatment was conducted under federal guidelines as approved by the Helmholtz Centre Munich Institutional Animal Care and Use Committee.
In situ hybridization and histology. Paraffin sections (8 m) were processed for radioactive ([␣- 35 S]UTP; GE Healthcare) in situ hybridization (ISH) as described previously (Fischer et al., 2007) . Riboprobes used were Dicer1 [complementary to exons 21-22 that are deleted in Dicer1 conditional knock-out (cKO) mice], En1, Wnt1, Fgf8, Lmxb1, Otx2, Gbx2, Shh, Pax2, Sef (Il17rd), Spry1, Spry2, Dusp6 (Mkp3), Hes1, Hes3, and Hes5 (Puelles et al., 2004; Fischer et al., 2007 Fischer et al., , 2011 . Details on riboprobes are available on request. Locked nucleic acid (LNA) oligonucleotide-based ISH using unlabeled LNA-modified mmu-miR-124 (EQ 56993; Exiqon), mmu-miR-200c (EQ 56944; Exiqon), and scramble-miR control (catalog #99004-00; Exiqon) detection probes was performed on 8 m paraffin sections as described previously (Silahtaroglu et al., 2007) . The LNA-modified detection probes were labeled with [
35 S]dATP (GE Healthcare) or digoxigenin (DIG)-dUTP using the DIG Oligonucleotide Tailing Kit or DIG Oligonucleotide 3Ј-End Labeling Kit (Roche) according to the instructions of the manufacturer. Sections were counterstained with cresyl violet (0.5%; Sigma) following standard procedures. Images were taken using bright-and dark-field optics on an Axioplan2 microscope or StemiSV6 stereomicroscope, AxioCam MRc camera, and Axiovision 4.6 software (Carl Zeiss) and processed with Adobe Photoshop CS software (Adobe Systems).
Immunostainings. Immunostainings on 8 m paraffin sections and cultured cells were performed as described previously (Peng et al., 2011) .
Polyclonal rabbit antisera were directed against cleaved (activated) Caspase-3 (cCaspase3) (1:100; Cell Signaling Technology), Pitx3 (1:300; Invitrogen), serotonin (5-HT) (1:1000; Immunostar), and Tubb3 (␤III-tubulin) (1:500; Abcam), polyclonal chicken antisera against green fluorescent protein (GFP) (1:2000; Aves Labs), and polyclonal goat antisera against Sox2 (1:500; Santa Cruz Biotechnology). Monoclonal mouse antibodies were directed against tyrosine hydroxylase (1:600, MAB318; Millipore), Pou4f1 (Brn3a) (1:100; Santa Cruz Biotechnology), Islet1 (Isl1) (1:100; Developmental Studies Hybridoma Bank), Ki67 (1:200; Abcam), and E2F3 (1:100; Millipore). Secondary antibodies were either fluorescently labeled (Alexa Fluor 488/594; Invitrogen) or coupled to biotin/streptavidin-horseradish peroxidase (Jackson ImmunoResearch) and detected using the Vectastain ABC System (Vector Laboratories). Fluorescent images were taken with a confocal laser scanning microscope (FV 1000; Olympus) and processed with Adobe Photoshop CS software.
5-Ethynyl-2Ј-deoxyuridine labeling. Pregnant dams were injected intraperitoneally with 10 g of 5-ethynyl-2Ј-deoxyuridine (EdU; Invitrogen) per gram of body weight on E11.5 or E12.5. Embryos were dissected 2 or 24 h later, fixed, dehydrated, and embedded in paraffin. Paraffin sections (8 m) were processed using the Click-iT EdU Alexa Fluor 488 Imaging Kit (Invitrogen) according to the instructions of the manufacturer and double labeled with Ki67 and E2F3 antibodies.
Culture and transfection of primary ventral MH cells. Primary ventral MH (vMH) cultures were prepared from E11.5 C57BL/6 mouse embryos as described previously (Peng et al., 2011) . Briefly, the basal plate (BP) and FP of the MHR was microdissected and trypsinized in 0.025% trypsin/0.1% DNaseI (Invitrogen) for 5 min at room temperature. Dissociated cells were plated on poly-D-lysine-coated coverslips at a density of 2 ϫ 10 5 cells per well in a 24-well plate and cultured in DMEM/F-12 medium containing 10% fetal bovine serum (Invitrogen). The medium was switched to DMEM/F-12 containing 2% B27 supplement (Invitrogen) after 18 h, and cells were transfected with miR-200 sponge vector, miR-200 overexpression (OE) or the corresponding control vectors, or with Pre-miR miRNA precursor mmu-miR-200c (PM11714; Ambion) or Pre-miR miRNA precursor negative control #2 (NG #2 ; AM17111; Ambion) using Lipofectamine LTX and Plus Reagent (Invitrogen). Medium was changed at 1 d post-transfection (dpt). Cells were fixed in 4% paraformaldehyde for immunostainings or lysed in RIPA buffer for Western blot analyses at 3 dpt. Transfection efficiency of primary cells under these conditions was between 5 and 10%.
Cell counting. Pitx3-expressing (Pitx3 ϩ ) and Pou4f1 ϩ cells were counted on three anteroposterior (A/P) position-matched coronal midbrain sections, and Isl1 ϩ and 5-HT ϩ cells were counted on every fifth serial coronal hemisection through the midbrain or hindbrain of E12.5 control and En1 ϩ/Cre ; Dicer1 flox/flox ; CAG-CAT-EGFP embryos. EdU ϩ , Ki67 ϩ , Sox2 ϩ , and E2F3 ϩ cells were counted on three A/P positionmatched coronal hemisections through the ventral MHR of E11.5 and E12.5 control and En1 ϩ/Cre ; Dicer1 flox/flox (Dicer1 cKO) embryos. GFP ϩ , Sox2 ϩ , Tubb3 ϩ , and E2F3 ϩ primary vMH cells were counted in 20 random fields per coverslip, and data were collected from at least three independent experiments. miRNA profiling of MH tissues and differentiating mouse ESC cultures. Tissues comprising the caudal diencephalon, mesencephalon, and rostral rhombomere 1 were microdissected from E10.5 and E12.5 control (En1 ϩ/Cre ; Dicer1 ϩ/flox ) and Dicer1 cKO embryos (see Fig. 4 A) . Tissues from three embryos were pooled according to genotypes. JM8 (C57BL/6N agouti) mouse ESCs (mESCs) (Pettitt et al., 2009) were cultured and differentiated into glutamatergic neurons following the protocol of Bibel et al. (2007) . Samples (cells from a 10-cm-diameter dish or from four wells of a six-well plate) were collected at day 4 (mESCs), day 12 [embryoid bodies (EBs)], and day 20 (neurons) of the differentiation procedure. Successful differentiation of the mESCs into neurons was confirmed in a fraction of the cells by immunostaining for Sox2 and Tubb3 (data not shown). Total RNA was isolated from MH tissues and cell samples using Trizol Reagent (Invitrogen). The small RNA fraction with a size range of 10 -40 nt was separated using flashPAGE Fractionator (Ambion) according to the instructions of the manufacturer, ligated with synthetic RNA adapters, reverse transcribed, and amplified using Illumina sequencing primers. The adapter-ligated libraries were se-quenced for 36 cycles on the Illumina/GAII Sequencer according to the instructions of the manufacturer. For the mapping of small RNA sequencing reads, 3Ј adapter sequences were first removed from the sequencing reads using an in-house Perl script (Max Delbrück Center). The reads between 17 and 30 nt were retained and mapped to known mouse pre-miRNA sequences deposited in miRBase (version 16.0) (Kozomara and Griffiths-Jones, 2011) without any mismatches using soap-.short software (Li et al., 2008) . Downregulated miRNAs in the Dicer1 cKO embryos were determined by comparing the mutant to the heterozygous (control) samples for each embryonic stage analyzed, after excluding the very-low-abundance miRNAs (Ͻ10 sequencing reads in the control sample) from these lists (Table 1) .
Vector constructs. For construction of the miR-200 OE vectors, the mmu-miR-200c/141 gene cluster (MGI Symbol 3618750) was amplified from C57BL/6 mouse genomic DNA using the primers in Table 2 Construction of the miR-200 sponge vector was done as follows. Because a gene with a 3ЈUTR containing a fully complementary sequence to the miRNA can inhibit the function of this miRNA (Ameres et al., 2010; Mukherji et al., 2011) , oligonucleotides that are fully complementary to the sequences of the five members of the miR-200 family (Table 2) were synthesized, annealed, ligated, gel purified, and cloned as concatemers into the pCAG-EGFP vector to obtain pCAG-EGFP-8xmiR-200 sponge vector (hereafter named miR-200 sponge vector).
The mouse Sox2 3ЈUTR (Entrez Gene accession number NM_011443.3) and E2F3 3ЈUTR (Entrez Gene accession number NM_010093.3) were amplified from C57BL/6 mouse genomic DNA using the primer pairs indicated in Table 2 and cloned into the XbaI site downstream of the luciferase CDS in the pGL3 promoter vector (Promega) to obtain pGL3-Sox2-3ЈUTR and pGL3-E2F3-3ЈUTR sensor vectors. Site-directed mutagenesis of conserved miR-200c binding sites (BSs) within the mouse Sox2 and E2F3 3Ј UTRs of these sensor vectors was done using the primers listed in Table 2 and the Quickchange Lightning Multi Site-Directed Mutagenesis Kit (Stratagene) according to the instructions of the manufacturer to obtain pGL3-mut-Sox2-3ЈUTR or pGL3-mut-E2F3-3ЈUTR sensor vectors. The distal and proximal promoter regions of the mmu-miR-200c/141 gene cluster (MGI Symbol 3618750) were amplified from C57BL/6 mouse genomic DNA using the primer pairs in Table 2 and cloned into the pGL3 basic vector (Promega) to obtain pGL3-mmu-miR-200c/141 reporter vectors. Sox2 (Entrez Gene accession number NM_011443.3) and E2F3 (Entrez Gene accession number NM_010093.3) CDSs were amplified from E12.5 C57BL/6 mouse brain cDNA using the primer pairs in Table 2 and cloned into pcDNA3.1 (Invitrogen) to obtain pcDNA3.1-Sox2 and pcDNA3.1-E2F3 vectors, respectively.
Transfection efficiency of these vectors in COS-7 and HEK-293 cells was between 80 and 90%.
Luciferase reporter assays. The functionality of miR-200 OE and miR-200 sponge vectors was tested in COS-7 cells (expressing low levels of endogenous miR-200c; data not shown) cotransfected with 300 ng/well pGL3-Sox2-3ЈUTR sensor vector and 8 ng/well pRL-SV40 (internal transfection control) along with 600 ng/well pcDNA6. Quantitative RT-PCR assays. Total RNA was isolated from cultured primary vMH, COS-7, and HEK-293 cells using Trizol Reagent (Invitrogen). One microgram of total RNA was polyadenylated and reverse transcribed using NCode SYBR Green miRNA qRT-PCR Kit (Invitrogen) according to the instructions of the manufacturer. For detection of miRNA expression levels, quantitative RT (qRT)-PCR assays were conducted using the NCode miRNA universal qPCR primer as reverse primer and the specific miRNA forward primers listed in Table 3 . The amplification conditions were an initial step at 95°C for 10 min, followed by 45 cycles of 20 s at 95°C and 1 min at 60°C. All assays were performed in triplicate and included negative controls. The threshold cycle (Ct) value was recorded for each reaction, and the expression level of each miRNA was calculated relative to U6B, a ubiquitously expressed small nuclear RNA (snRNA). Data are presented as target gene expression ϭ 2 Ϫ⌬⌬ct , with ⌬Ct ϭ (target gene Ct Ϫ U6B Ct) according to the 2 Ϫ⌬⌬ct method described previously (Livak and Schmittgen, 2001) . Western blot analyses. Cells were processed as described previously (Peng et al., 2007) . Antibodies used were rabbit anti-Tubb3 (1:500; Abcam), goat anti-Sox2 (1:500; Santa Cruz Biotechnology), mouse anti-E2F3 (1:200; Millipore), and mouse anti-Actb (␤-actin) (1:2000; Sigma).
Statistics. All values shown are mean Ϯ SEM. Statistical significance between groups was assessed by paired t tests or independent-samples t tests using the SPSS 10.0 software (SPSS). A value of p Ͻ 0.05 was considered significant.
Results
Loss of Dicer1 function in the MHR leads to a progressive loss of midbrain/hindbrain tissues and increased cell death
To understand the role of miRNAs in the development of the murine MHR, we deleted the Dicer1 gene in this region by gen- erating En1 ϩ/Cre ; Dicer1 flox/flox (hereafter referred to as Dicer1 cKO) mice. The Dicer1 cKO pups died shortly after birth, probably as a result of feeding problems (data not shown). After En1 ϩ/Cremediated recombination of the floxed Dicer1 alleles at approximately E9.0 (Puelles et al., 2004) , Dicer1 mRNA was not detected within the En1 ϩ MHR of the Dicer1 cKO mice from E9.5 onward ( Fig. 1 A) . Expression of miR-124, one of the most abundant miRNAs in the brain (Lagos-Quintana et al., 2002) , was already strongly reduced within the En1 ϩ domain of the Dicer1 cKO embryos at E11.5 and completely lost at E12.5 ( Fig. 1 B) , indicating that the loss of Dicer1-mediated processing of pre-miRNAs in the mutants at E9.5 abolishes the expression of mature miRNAs 2-3 d later. In line with this finding, the first morphological changes in the MHR of the Dicer1 cKO mice became visible at E12.5. A progressive thinning of the MH neuroepithelium was evident from E12.5 onward, and a progressive loss of dorsal and ventral MH tissues became visible at E14.5 in the Dicer1 cKO embryos, resulting in the complete absence of dorsal MH structures, such as the superior/inferior colliculi and the cerebellum, in the postnatal day 0 (P0) Dicer1 cKO pups (Fig. 1C) . Fate-mapping of the En1 ϩ and Dicer1
and Dicer1 cKO ϫ CAG-CAT-EGFP mice showed that En1 ϩ (GFP ϩ ) cells were almost entirely absent in the dorsal MHR of the mutant mice at P0 (Fig. 1C) . Apoptotic cell death (assessed by the expression of cCaspase3) was massively increased in the dorsal MHR of the Dicer1 cKO embryos from E11.5 onward ( Fig. 1 D and data not shown). Notably, apoptotic cell death was not as pronounced in the ventral MHR of the Dicer1 cKO embryos ( Fig. 1D and data not shown). Altogether, these data indicate that the absence of Dicer1-processed mature miRNAs in the MHR results in a progressive loss of dorsal and ventral MH tissues, which is in part attributable to the reduced survival of the corresponding cells. We therefore assessed the expression of these IsO and other A/P (Otx2, Gbx2) and dorsoventral (D/V) (Shh) patterning genes in the Dicer1 cKO embryos, but their expression was not altered in the MHR of the mutant embryos at E9.5, E10.5, and E12.5 ( Fig.  2 A and data not shown). Because the protein but not the mRNA expression levels of some of these genes might be affected in the Dicer1 cKO embryos and because of the lack of working antibodies for some of the crucial IsO factors, such as Wnt1 and Fgf8, we used an indirect approach to address this issue by detecting known direct target genes and negative modulators of the Fgf8 signaling pathway in the Dicer1 cKO embryos. However, the ex- Figure 1 . Loss of Dicer1 function in the MHR leads to a progressive loss of MH tissues and increased cell death. A, Dicer1 expression was abolished within the En1 ϩ domain of Dicer1 cKO mice from E9.5 onward. Red double arrows mark the approximate position of the MHB. Scale bar, 100 m. B, Decreased expression at E11.5 and absence at E12.5 of mature miR-124 in the MHR of Dicer1 cKO embryos (red arrows). Scale bar, 100 m. C, A thinner MH neuroepithelium was apparent at E12.5, and a progressive loss of dorsal and ventral MH tissues became visible in the Dicer1 cKO embryos at E14.5, resulting in the complete absence of the midbrain and rostral hindbrain in P0 mutant pups (white arrows). Bottom panels, Dorsal views of the MHR in En1 ϩ/Cre ; Dicer1 ϩ/flox ; CAG-CAT-EGFP (wild-type) and En1 ϩ/Cre ; Dicer1 flox/flox ; CAG-CAT-EGFP (Dicer1 cKO) pups at P0, showing the almost complete absence of GFP ϩ (En1 ϩ ) cells (white arrows) concomitant with a strong reduction of the dorsal MHR (red double arrows and white circles) in the Dicer1 cKO mice. Scale bars, 200 m. D, Massive increase of apoptotic (cCaspase3 ϩ ) cells in the dorsal MHR, whereas vMH tissues were less affected (red arrows and insets) in the Dicer1 cKO embryos at E12.5. Scale bar, 100 m. Cb, Cerebellum; ChPl, choroid plexus; Di, diencephalon; IC, inferior colliculus; Mes, mesencephalon; Met, metencephalon; SC, superior colliculus; Tel, telencephalon; Tg, tegmentum.
pression of Sef (Il17rd), Spry1, Spry2, and Dusp6 (Mkp3) (Guillemot and Zimmer, 2011) was also not altered in the MHR of the mutant embryos at E10.5 and E12.5 (Fig.  2B ). Finally, a loss of MH tissues might result from a precocious differentiation and failure to maintain the MHB as a result of the lack of the anti-neurogenic basic helixloop-helix (bHLH) Hes TFs (Hirata et al., 2001) , but again the expression of Hes1, Hes3, and Hes5 was not affected in the MHR of the Dicer1 cKO embryos at E10.5 and E12.5 (Fig. 2C) . Our data thus indicate that the A/P and D/V patterning of the MHR and the maintenance of the MHB are not affected by the loss of Dicer1-processed mature miRNAs in this region of the brain.
vMH neural progenitors do not generate the appropriate number of neuronal offspring and fail to exit the cell cycle in the Dicer1 cKO embryos Apoptotic cell death was strongly increased in the dorsal MHR, but ventral neural tissues appeared less affected in the Dicer1 cKO mice (Fig. 1) . To determine the extent of vMH tissue loss and to establish whether the neuronal populations arising from the ventral MHR [the GFP ϩ (En1 ϩ ) domain in Dicer1 cKO; CAG-CAT-EGFP embryos] develop normally in the mutant embryos, we assessed the identity and numbers of midbrain dopaminergic (mDA), red nucleus (RN), and oculomotor (OM) neurons residing in the ventral midbrain and of serotonergic (5-HT) neurons residing in the ventral rostral hindbrain. In fact, only ϳ10% of the Pitx3 ϩ mDA, ϳ24% of the Pou4f1 ϩ RN neurons, and ϳ67% of the Isl1 ϩ OM neurons in the ventral midbrain and ϳ53% of the 5-HT ϩ neurons in the rostral hindbrain persisted in the Dicer1 cKO embryos at E12.5 (Fig. 3A-U ) , the time point when the first subtle morphological alterations were detected in the dorsal MHR of the mutant embryos, indicating that, although these neuronal populations were correctly specified, their progenitors did not generate the appropriate amount of neuronal offspring in the Dicer1 cKO embryos. We therefore hypothesized that a failure of vMH neural progenitors to exit the cell cycle and to generate the correct numbers of neuronal progeny might contribute to the loss of vMH neural tissues in the mutant embryos. To test this hypothesis, we injected EdU into pregnant dams at E11.5, 24 h before killing these mice. Colabeling for EdU and Ki67 (a marker for proliferating cells in all phases of the cell cycle) showed that the ratio of EdU/Ki67 double-positive cells per total number of EdU ϩ cells (i.e., cells that remain in the cell cycle) was remarkably increased by ϳ2.6-fold in the Dicer1 cKO embryos (Fig. 3V-X) . We concluded that vMH neural progenitors fail to exit the cell cycle and thus to generate the proper amount of postmitotic progeny that can differentiate into mDA, OM, RN, and 5-HT neurons in the Dicer1 cKO embryos, thereby contributing to the tissue loss in the absence of a strongly increased cell death in this region of the mutant brain. progression and neural progenitor maintenance, we first determined the miRNA expression profile in the MHR (also including some wild-type tissue beyond the En1 ϩ domain; Fig. 4 A) Fig.  4 B) . The miR-200 family was also expressed at lower levels in the MHR of En1 ϩ/Cre ; Dicer1 ϩ/flox heterozygous embryos at E12.5 compared with E10.5, whereas let-7b and miR-125a, two members of the let-7 and miR-125 families promoting neuronal differentiation (Coolen and Bally-Cuif, 2009), were strongly upregulated in the MHR of the E12.5 compared with the E10.5 heterozygous embryos (Fig. 4C) , suggesting that the expression of the miR-200 family declines with the progression of neuronal differentiation in the MHR. Based on our NGS data (Fig. 4 B, Table 1 ), miR-200c still showed the highest expression levels in the mutant MHR relative to the other miR-200 family members at E12.5, and we therefore detected this miRNA in wildtype and Dicer1 cKO embryos using LNAbased ISH. In the E12.5 wild-type embryo, miR-200c is strongly expressed in the ventricular (VZ), subventricular (SVZ), and intermediate (IZ) zones but not in the mantle zone (MZ) of the MH neuroepithelium (Fig. 4D) . The expression of miR-200c was complementary to the transcription of the neuron-specific miR-124 (Coolen and Bally-Cuif, 2009) in the IZ and MZ of the E12.5 wild-type embryo (Fig. 4D) . Notably, miR-200c was undetectable and miR-124 was barely detectable in the MHR of the Dicer1 cKO embryos at E12.5 (Fig. 4D) , thus validating our NGS approach and confirming the near-complete ablation of mature miRNAs in the MHR of the E12.5 Dicer1 cKO embryos.
The miR-200 family members might be generally implicated in the regulation of cell proliferation, cell-cycle exit, and differentiation of pluripotent/multipotent stem cells, including neural stem/ progenitor cells (Peter, 2009) . To establish whether this is the case, we used an in vitro paradigm to differentiate mESCs into Tubb3 ϩ postmitotic neurons (Bibel et al., 2007) and determined the miRNA profile in these cells at three different stages of the differentiation protocol: mESCs representing the initial pluripotent state, EBs representing neuroectodermal commitment, and postmitotic neurons representing the differentiated neuron state. Known miRNAs were enriched at the expected stages of the differentiation procedure (Fig. 4 E) , such as the ESCC miR-295 in the undifferentiated mESC stage Martinez and Gregory, 2010) (miR-200a, miR-429, miR-200b, miR-141, and miR-200c , highlighted in red) were among the top 10 most downregulated miRNAs in the MHR of the Dicer1 cKO embryos compared with the En1 ϩ/Cre ; Dicer1 ϩ/flox (Het.) embryos at E12.5. For values, see Table 1 . C, The expression levels of the miR-200 family (miR-200a, miR-429, miR-200b, miR-141, and miR-200c , highlighted in red) in En1 ϩ/Cre ; Dicer1 ϩ/flox (Het.) embryos were strongly downregulated in the MHR at E12.5 compared with E10.5. For values, see Table 1 . D, miR-200c is expressed in the VZ, SVZ, and IZ of the MH neuroepithelium in a complementary pattern to miR-124, which is strongly expressed in the IZ and MZ. miR-200c has a similar expression pattern in the forebrain and hindbrain (data not shown). Expression of miR-200c and miR-124 was abolished in the Dicer1 cKO embryos at E12.5. Scale bar, 100 m. E, NGS profiling of miRNAs expressed during the directed differentiation of mESCs into neurons according to the protocol by Bibel et al. (2007) . Known ESCC miRNAs (miR-295) or neural-specific miRNAs (miR-9 and let-7c) were selectively enriched in the corresponding steps of the differentiation procedure. F, Expression of all five miR-200 family members was highest in undifferentiated mESCs and decreased to lowest levels in differentiated neurons. Neuron, Differentiated neurons.
with a previous report (Gill et al., 2011) , expression of the miR-200 family was highest in undifferentiated mESCs; their expression levels decreased to an intermediate level in committed neuroectodermal cells and dropped to their lowest levels (ϳ30-to 100-fold lower than in the mESCs) in the differentiated neurons (Fig. 4 F) . Notably, miR-200c still showed the highest expression level in differentiated neurons among all miR-200 family members (Fig. 4 F) . We concluded that the miR-200 family members are highly expressed in undifferentiated pluripotent/multipotent stem/progenitor cells and that their expression levels decline along the commitment and differentiation of these cells into neurons both in vivo and in vitro. Their strong downregulation in the MHR of the Dicer1 cKO embryos might thus contribute to the defective cell-cycle exit and differentiation of vMH neural progenitors observed in these mutants.
Sox2
؉ and E2F3 ؉ neural progenitor cells accumulate in the MHR of the Dicer1 cKO embryos We next searched for possible targets of the miR-200 family whose deregulation in MH tissues might cause the cell-cycle defects observed in the Dicer1 cKO embryos. Two of the predicted targets of the miR-200 family using bioinformatics tools (Targetscan; http://www.targetscan.org) are the TFs Sox2 and E2F3. Sox2 is required for the maintenance of self-renewing neural stem/progenitor cells (Graham et al., 2003; Pevny and Nicolis, 2010) , and E2F3 plays a pivotal role in cell-cycle progression, particularly in promoting the S-phase entry of proliferating cells (Leone et al., 1998; DeGregori, 2002) . Both TFs were expressed in the MHR of E12.5 wild-type mice within the same domain as miR-200c: Sox2 expression was confined to the neural progenitors in the VZ/SVZ, whereas E2F3 was expressed in single cells that extended from the VZ/SVZ into the IZ of the ventral MHR and spared the cell layer immediately adjacent to the third ventricle (Fig. 5A) . Because the Sox2 ϩ and E2F3 ϩ cells appeared to be increased in the ventral MHR of the Dicer1 cKO embryos (Fig.  5A) , we hypothesized that these two TFs might indeed be direct targets of the miR-200 family in vMH neural progenitors.
To establish this in more detail, we determined the numbers of Sox2 ϩ , E2F3 ϩ , and proliferating S-phase (EdU ϩ ) cells in the MHR of the mutant embryos compared with their wild-type littermates. We focused our analyses on the ventral MHR because this was the region where we had previously detected the cellcycle exit defects in the Dicer1 cKO embryos and because of the massive cell death in the mutant dorsal MHR from E11.5 onward. At E10.5, the Sox2 ϩ domain was not obviously altered, but the Tubb3 ϩ postmitotic neuron domain was clearly reduced in the ventral MHR of the Dicer1 cKO embryos (Fig. 5B) , indicating that the differentiation of neural progenitors into postmitotic neurons was affected in the mutant embryos at or even before E10.5. At E11.5, the Sox2 ϩ domain was visibly expanded at the expense of the Tubb3 ϩ domain (Fig. 5B) , and the numbers of Sox2 ϩ , E2F3 ϩ (G 1 /S-phase), and EdU ϩ (S-phase) neural progenitors were increased by 25% (Sox2 ϩ /E2F3 ϩ cells) and 18% (EdU ϩ cells) in the ventral MHR of the Dicer1 cKO embryos (data not shown). At E12.5, the numbers of Sox2 ϩ , EdU ϩ , and E2F3 ϩ neural progenitor cells were increased by 1.7-to 1.9-fold, and the thinning of the Tubb3 ϩ domain became even more evident in the ventral MHR of the Dicer1 cKO embryos (Fig. 5C, D, F ) . The increase of Sox2 ϩ cells was attributable to the enlargement of the Sox2 ϩ area and not an increase of Sox2 ϩ cell density in the mutant embryos (Fig. 5E) . Remarkably, the proportion of EdU ϩ (S-phase) cells that coexpressed E2F3 (EdU/E2F3 doublepositive cells per total amount of EdU ϩ cells) and the number of EdU/E2F3 double-positive cells were increased by 80% and twofold, respectively, in the ventral MHR of the Dicer1 cKO embryos compared with their wild-type littermates at E12.5 (Fig. 5G) . The expansion of the proliferating Sox2 ϩ and E2F3 ϩ neural progenitor domain in the ventral MHR of the Dicer1 cKO embryos was accompanied by an apparent change of vMH morphology and mediolateral expansion of the cavity of the third ventricle in the mutant embryos (Fig. 5A-C) . Altogether, our results indicated that proliferating (EdU ϩ /Sox2 ϩ /E2F3 ϩ ) neural progenitors accumulate over time in the ventral MHR of the Dicer1 cKO embryos, suggesting that their failure to exit the cell cycle and to generate the proper amount of Tubb3 ϩ neuronal progeny was attributable to their inability to downregulate Sox2 and in particular E2F3 protein levels in the absence of miR-200 miRNAs. (Fig.  6 B) . Cotransfection of the OE-miR-200 vector with a Sox2 3ЈUTR sensor vector containing one miR-200c BS showed that this vector was able to repress the expression of luciferase from the sensor vector (Fig. 6C) . Overexpression of miR-200c/141 in primary vMH cultures led to a significant reduction of Sox2 ϩ and E2F3 ϩ neural progenitor cells and to a significant increase of Tubb3 ϩ postmitotic neurons at 3 dpt (Fig. 6 D-G) . Transfection of an mmu-miR-200c pre-miRNA into primary vMH cultures also resulted in a strong reduction of Sox2 and E2F3 and an increase of Tubb3 protein levels in these cultures compared with the controltreated cultures (Fig. 6 H) . These data show that the overexpression of miR-200 family members indeed promotes the neuronal differentiation of vMH progenitor cells by downregulating the expression of Sox2 and E2F3 in these cells. We next investigated whether the knockdown of the miR-200 family in primary vMH cultures leads to the opposite effect, i.e., reduced neuronal differentiation of vMH progenitor cells, thereby mimicking the phenotype observed in the ventral MHR of the Dicer1 cKO embryos. To test this, we generated an miR-200 sponge vector (Ebert et al., 2007) containing eight repeats of a fully complementary sequence to all five miR-200 family members inserted downstream of the EGFP CDS and driven by the CAG promoter (Fig. 7A) . The functionality of this sponge vector was tested by cotransfecting this vector together with the OEmiR-200 vector and a Sox2 3ЈUTR sensor vector into COS-7 cells. The reduction of luciferase expression from the sensor vector after cotransfection of the OE-miR-200 vector was in fact abolished (rescued) by the cotransfected miR-200 sponge vector (Fig.  7B) . Because primary vMH cells express rather low levels of miR200c compared with the ubiquitously expressed U6B snRNA (Fig.  7C) , we expected that transfection of the miR-200 sponge vector would fully knock down the miR-200 family in these cells. Indeed, the numbers of Sox2 ϩ and E2F3 ϩ neural progenitor cells were increased, and the numbers of Tubb3 ϩ postmitotic neurons were decreased after transfection of the miR-200 sponge vector compared with the control-transfected primary vMH cells (Fig. 7D-G) , thus phenocopying the ventral MHR defects of the Dicer1 cKO embryos (Fig. 5) . In summary, our data strongly support the idea that the miR-200 family is required to promote the cell-cycle exit and neuronal differentiation of proliferating vMH neural progenitors by targeting the expression of Sox2 and E2F3 in these cells and that the ventral MHR phenotype of the Dicer1 cKO mice is mainly caused by the loss of mature miR-200 miRNAs in these mutants. 
Sox2 and E2F3 mRNAs are direct targets of miR-200c
Given the strong correlation between the overexpression or downregulation of miR-200 miRNAs and the decrease or increase of Sox2 ϩ and E2F3 ϩ cells, respectively, in vivo and in vitro, we next determined whether Sox2 and E2F3 mRNAs are direct targets of the miR-200 family. Using bioinformatics prediction tools (http://www.targetscan.org), we found that there is one conserved (among vertebrates) BS for the miR-200b/c/429 seed sequence subgroup within the mouse Sox2 3ЈUTR and four conserved (in mammals) BSs for the miR-200 family (two BSs for each seed sequence subgroup) within the mouse E2F3 3ЈUTR (Fig. 8 A, B) . We therefore cloned the mouse Sox2 3ЈUTR (containing the single miR-200c BS) or E2F3 3ЈUTR (containing two miR-200c BSs) into a luciferase reporter (sensor) vector and cotransfected these vectors together with an mmu-miR-200c precursor miRNA into COS-7 cells. The miR-200c pre-miRNA repressed the luciferase expression from the Sox2 3ЈUTR sensor vector by ϳ50% and from the E2F3 3ЈUTR sensor vector by ϳ30% (Fig. 8C,D) . To confirm this result, we cotransfected the pcDNA6.2-EmGFP-miR-200c OE vector together with the sensor vectors into COS-7 cells. Luciferase expression was decreased by ϳ26% (Sox2 3ЈUTR) and ϳ33% (E2F3 3ЈUTR) after miR-200c overexpression, and this repression was abolished after site-directed mutagenesis of the conserved miR-200c BSs in the sensor vectors (Fig. 8A,B,E,F) . Notably, the luminescence values after sitedirected mutagenesis of the conserved miR-200c BSs were even higher than in the control (pcDNA6.2-EmGFP "empty" vector)-transfected cells (Fig. 8E,F) . This is most likely attributable to the repression of the sensor vectors by the endogenous expression of miR-200c in COS-7 cells (data not shown). Our results show that miR-200c regulates the expression levels of Sox2 and E2F3 by directly binding to conserved BS(s) within the 3ЈUTR of their mRNAs. (Figs. 4 D, 5A) . We therefore hypothesized that Sox2 and E2F3 might in turn regulate the expression of the miR-200 family in neural progenitor cells. To test this hypothesis, we first searched for conserved Sox2 and E2F BSs within the miR-200c/141 promoter region (Ϫ2 kb to ϩ500 bp) using the Gene2promoter software (Genomatix). We then cloned the distal (Promoter 1) and proximal (Promoter 2) promoter region of the mmu-miR-200c/141 cluster harboring several conserved Sox2 (sequence: AACAAAG) and/or E2F (core sequence: GCGC) BSs into a luciferase reporter vector (Fig. 9A) . Cotransfection of this pGL3-mmu-miR-200c/141 reporter vector together with vectors encoding Sox2 or E2F3 into HEK-293 cells led to a 3-and 3.4-fold activation of the distal mmu-miR-200c/141 promoter region (Promoter 1 containing conserved Sox2 and E2F BSs) by E2F3 and Sox2, respectively, and to a fivefold activation of the proximal mmu-miR200c/141 promoter region (Promoter 2 containing only conserved E2F BSs) by E2F3 (Fig. 9B) . These data indicate that the transcription of the mmu-miR-200c/141 gene cluster is in fact activated by Sox2 and to an even greater extent by E2F3 TFs. Altogether, our data strongly suggest that the miR-200 family is engaged in an unilateral negative feedback loop with Sox2 and E2F3 ensuring the proper regulation of Sox2 and E2F3 mRNA and/or protein levels in vMH neural progenitor cells (Fig. 9C) , thereby facilitating their cell-cycle exit and differentiation into postmitotic neurons.
Sox2 and E2F3 directly activate the
Discussion
We show here that the depletion of Dicer1-processed mature miRNAs and in particular of miR-200 in the MHR of the Dicer1 cKO embryos leads to the progressive loss of this region because of a strong increase of apoptotic cell death in the dorsal MHR and the failure of vMH neural progenitors to exit the cell cycle and to generate the appropriate numbers of neuronal offspring. We propose that the miR-200 family belongs to a novel class of miRNAs that are engaged in an unilateral negative feedback loop with their direct targets Sox2 and E2F3 (Fig. 9D) , thereby promoting the transition from a proliferating and pluripotent/multipotent to a postmitotic and differentiating neural cell in the murine CNS.
Dicer1-processed miRNAs are not required for the patterning of the murine MHR Although the progressive loss of the MHR in the Dicer1 cKO embryos resulted in a morphological defect at birth that strongly resembled the phenotype of mouse mutants for some of the IsO genes (Wurst and Bally-Cuif, 2001; Zervas et al., 2005) , the MHR was correctly patterned along its A/P and D/V axes in the Dicer1 cKO embryos. We concluded that the morphological defects of the Dicer1 cKO embryos are not attributable to a deregulation of IsO gene expression in the absence of Dicer1-processed miRNAs, including miR-200 and miR-124, one of the most abundant miRNAs in the brain (Lagos-Quintana et al., 2002) . Similar observations were made in another conditional Dicer1 mutant [Wnt1-Cre; Dicer1 flox/flox mice (Huang et al., 2010) ] and in other organs/tissues after Dicer1 deletion (Harfe et al., 2005; Choi et al., 2008; Kawase-Koga et al., 2010) , thus corroborating the assumption that Dicer1-processed miRNAs do not play a major role in early patterning events during mouse embryogenesis.
Dicer1-processed miRNAs are necessary for the proper survival of neural cells in the murine MHR
The massive increase of apoptotic cell death in the Dicer1 cKO embryos from E11.5 onward most likely caused the progressive dorsal MH tissue loss in these embryos. Increased apoptosis is a unifying feature of almost all conditional Dicer1 mutants, particularly in the nervous system (Coolen and Bally-Cuif, 2009 ). Proapoptotic proteins were relatively enriched, whereas pro-survival proteins were depleted in Dicer1-deficient neural stem cells (NSCs) (Kawase-Koga et al., 2010) , and it is therefore very likely that proapoptotic and/or prosurvival pathways are also deregulated in the MHR of our Dicer1 cKO mice. However, the far lesser amount of apoptotic cell death in the mutant ventral MHR, especially at midgestational stages, cannot explain the drastic reduction of mDA, RN, and 5-HT but not of OM neurons observed already at these early stages after depletion of Dicer1-processed mature miRNAs in the Dicer1 cKO embryos. our findings, Dicer1-deficient cortical NSCs also fail to generate the appropriate amount of neuronal and glial progeny and undergo premature apoptosis in the absence of growth-promoting factors, although obvious cell-cycle defects were not detected in these cases (De Pietri Tonelli et al., 2008; Andersson et al., 2010; Kawase-Koga et al., 2010) . miRNAs are widely implicated in the cell-cycle control of pluripotent/multipotent stem/progenitor cells and in their differentiation into a committed cell fate (Wang and Blelloch, 2009; Ivey and Srivastava, 2010; Mallanna and Rizzino, 2010) . However, miRNAs can persist in neural stem/progenitor cells at relatively high levels and over a considerable time after Dicer1 inactivation (Andersson et al., 2010) . In search for the most strongly depleted miRNA(s) in the MHR of the Dicer1 cKO embryos, we identified the entire miR-200 family as possible candidates that might cause the cell-cycle exit/differentiation defects in the mutants. miR200c, a member of this family, is highly expressed in neural stem/ progenitor cells of the MHR and other regions of the brain (data not shown), suggesting a function of this miRNA family in multipotent neural stem/progenitor cells. In fact, overexpression of miR-200 family members promoted, whereas the knockdown of this family in primary vMH cultures or their loss in the Dicer1 cKO embryos inhibited, the cell-cycle exit and neuronal differentiation of proliferating vMH neural progenitors. It appears that this function of the miR-200 family is highly context dependent: in some cases, these miRNAs promote (Brabletz and Brabletz, 2010) , whereas in other cases they rather inhibit, the differentiation of pluripotent or dedifferentiated stem cells (Lin et al., 2009; Gill et al., 2011) .
miR-200 and their targets Sox2 and E2F3 are engaged in a unilateral negative feedback loop to direct cell-cycle exit and differentiation of neural progenitors We found that the miR-200 family (in particular miR-200c) promotes cell-cycle exit and neuronal differentiation of vMH neural progenitors by downregulating Sox2 and E2F3 expression in these cells and that miR-200c directly targets the Sox2 and E2F3 mRNAs via specific BSs in their 3ЈUTRs. Sox2 is required in a dose-dependent manner for maintaining the multipotency of neural stem/progenitor cells and inhibiting their cell-cycle exit and differentiation into neurons or glial cells (Avilion et al., 2003; Graham et al., 2003; Pevny and Nicolis, 2010) . E2F3 protein levels/activity accumulate cyclically during the late G 1 -phase of the cell cycle, thereby promoting the transition from G 1 to S-phase in proliferating cells by activating genes involved in DNA replication and cell-cycle regulation (Leone et al., 1998; Humbert et al., 2000; Chong et al., 2009) . Several of the E2F3-regulated genes also belong to proapoptotic/antiapoptotic, intracellular signaling, and other pathways implicated in cell survival and differentiation (Müller et al., 2001; DeGregori, 2002) . Because the complete loss of activating E2F TFs (E2F1-E2F3) in vivo does not affect the proliferation of multipotent stem/progenitor cells but decreases their survival (Chong et al., 2009) , miR-200 might additionally promote the survival of vMH neural progenitors by regulating E2F3 protein levels in these cells.
We also found that Sox2 and E2F3 directly activate the distal and proximal promoter regions of the murine miR-200c/141 gene cluster, in agreement with the coexpression of these two TFs and miR-200c in neural progenitors. This unilateral negative feedback loop of Sox2/E2F3 and miR-200c/141 is predicted to result in an oscillatory expression of E2F3/miR-200 in neural progenitors (Krol et al., 2010) : initially high levels of Sox2 and increasing levels of E2F3 protein activate miR-200c/141 expression, which in turn lower Sox2/E2F3 protein levels in these cells, leading to the downregulation of miR-200c/141 and the (re-)activation of Sox2/ E2F3 expression (Fig. 9C ). This oscillatory regulation might thus contribute to the cyclic accumulation of E2F3 protein/transcriptional activity only during the late G 1 -phase of the cell cycle, despite the continuous expression of E2F3 mRNA in proliferating cells (Leone et al., 1998) . In fact, E2F3 protein was accumulating aberrantly in Dicer1-mutant S-phase neural progenitors. In addition, the miR-200-mediated negative regulation of the autoactivating Sox2 and E2F3 TFs (Adams et al., 2000; Tomioka et al., 2002 ) might result in a gradual reduction of Sox2 and E2F3 protein levels and eventually lead to the complete silencing [below a certain threshold (Mukherji et al., 2011) ] of these two and other pluripotency/multipotency and cell-cycle regulatory genes in neural progenitors (Fig. 9C ). Our findings are also supported by data showing that the pluripotency factor Lin28 binds to the pre-miR-200c stem loop and targets it for degradation, thereby inhibiting its processing into mature miR-200c in undifferentiated cells (Heo et al., 2009 ). The miR-200 family might thus only become active when the neural progenitor cells transit to a more committed cell fate by downregulating the expression of pluripotency factors such as Lin28.
Altogether, our results strongly support the notion that the miR-200 family members cooperate to suppress the levels of Sox2 and E2F3 proteins below a critical level, thereby enabling the cell-cycle exit of neural progenitors and subsequently their differentiation into neurons (Fig. 9D) , although we cannot exclude that the two miR-200 seed sequence subgroups might slightly differ in their target genes (Uhlmann et al., 2010) and that the two miR-200 gene clusters might be regulated by a distinct set of transcriptional activators/repressors. We have studied the mutual regulation of Sox2/E2F3 and miR-200 using in vitro paradigms that might not reflect entirely the in vivo situation. The relatively subtle effects observed after miR-200 overexpression/ knockdown in cultured vMH cells indicate that, because of the early and widespread functions of the miR-200 family (Peter, 2009; Brabletz and Brabletz, 2010) as well as the early and redundant functions of the SoxB1 (including Sox2) (Pevny and Nicolis, 2010) and E2F (DeGregori, 2002) TFs during murine development, the generation of conditional mouse mutants for the two miR-200 gene clusters comprising all five miR-200 family members and for the SoxB1/E2F TFs expressed in neural stem/progenitor cells will be required to ultimately establish the function of the regulatory interaction of miR-200 and Sox2/E2F3 in these cells in vivo. Nevertheless, this miRNA family might represent an intermediate (third) functional group of miRNAs in the mammalian CNS, allocated between the ESCC miRNAs ensuring the pluripotent state of NSCs and neuron-specific miRNAs supporting the proper differentiation of these cells into neurons (Coolen and Bally-Cuif, 2009; Mallanna and Rizzino, 2010) .
